C olorectal cancer (CRC) is the second leading cause of cancer deaths in the United States, with a majority of new cases diagnosed in persons aged 65 and older. 1 While CRC screening has been shown to significantly reduce the risk of morbidity and mortality associated with CRC in randomized controlled trials and case-control studies, [2] [3] [4] patients must have a substantial life expectancy to derive survival benefit from CRC screening. 5 Diagnosis of significant comorbidity is expected to affect the benefits and risks of colorectal cancer screening, but this has not been studied in prior cost-effectiveness analyses, which have used chronological age and average longevity as a proxy for comorbidity. 6 Average longevity does not take into account the heterogeneity of the elderly population which includes persons for whom screening is likely to have little impact on their life expectancy. To explore how comorbid diseases affect the cost-effectiveness of CRC screening, we chose to focus on diabetes mellitus, a highly prevalent comorbidity among older persons. 7 Diabetes not only reduces a person's life expectancy in general 8, 9 and overall survival after diagnosis of CRC, 10 but also increases risk of developing CRC 11, 12 and risk of perforation during colonoscopy.
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Since there are no empirical data available at this time about how comorbid conditions, such as diabetes, affect the cost effectiveness of CRC screening, we used mathematical modeling to compare different screening strategies in different patient populations. We used the Archimedes Model, a large-scale integrated mathematical model of diseases and healthcare systems, to determine the impact of different screening cessation strategies on health and economic outcomes of colorectal cancer in patients with and without diabetes. The results of the study can be used to assist CRC screening guidelines to incorporate comorbid conditions, such as diabetes, into their recommendations, rather than to focus solely on age or assessment of health status 14 to determine when to stop screening.
METHODS

The Model
We conducted the analysis by using the Archimedes Model, a large-scale integrated simulation model of human physiology, diseases, and healthcare systems. 15, 16 In the Archimedes Model, each individual is simulated down to the level of polyp location, adenoma histology, tumor size, fasting plasma glucose, and similar biological variables. The core of the model is a set of equations that represent the anatomy and physiology pertinent to diseases and their complications. Currently, the Archimedes Model includes diabetes, congestive heart failure, coronary artery disease, stroke, hypertension, obesity, colorectal cancer, breast cancer, and lung cancer in a single integrated model. The Archimedes Model creates virtual people, each of whom has his or her own simulated physiology and can get one or more diseases, develop symptoms, seek care, and get diagnosed and treated. To ensure that the virtual people are representative of real people, the Archimedes Model creates copies of real people using person-specific data from the National Health and Nutrition Examination Survey (NHANES). The methods for creating copies ensure that the distributions and correlations of all important variables are the same in the simulated population as in the real population.
The structure and equations of the Archimedes Model pertinent to diabetes and its complications are described elsewhere. [17] [18] [19] The model predictions of diabetes-related outcomes have been validated against a large number of epidemiological and controlled clinical trials. 20 The Appendix (available online) describes aspects of the diabetes sub-model that are pertinent to this analysis.
The colorectal cancer sub-model within the Archimedes Model was developed in collaboration with the American Cancer Society (Table 1 and Appendix) . To build the model, we conducted systematic searches in MEDLINE, Cochrane Database of Systematic Reviews, PUBMED, Web of Science and Google Scholar, and supplemented with manual searches of references. The colorectal cancer submodel was derived from clinical trials, retrospective analyses, population surveys, and cancer registries, including colonoscopy data from the Clinical Outcomes Research Initiative (CORI) database 21 and clinical incidence data from the Surveillance Epidemiology and End Results (SEER) program.
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In brief, it consists of (i) a natural history component that tracks cancer progression, including adenoma development, tumor growth, and cancer symptoms, as functions of age, gender, race/ethnicity, obesity, physical activity and family history; (ii) a screening component that allows for detection and removal of adenomas and diagnosis of preclinical CRC; and (iii) a treatment component that predicts survival following diagnosis of CRC. The model accounts for important risk factors of CRC, including age, gender, race and BMI.
We model two types of polyps, namely (i) benign polyps, which will never become cancer, and (ii) adenomatous polyps (i.e. adenomas), which have the potential for malignant transformation. The category "benign polyp" includes hyperplastic, inflammatory, and other non-neoplastic polyps and accounts for one-third of the total number of polyps. 23 In the model, polyps arise in the colon and the rectum stochastically through a non-homogenous Poisson process. 24 The incidence of polyps increases with age and is a function of several risk factors including gender, BMI, and family history. Polyps can occur at eight different anatomical sites: cecum, ascending colon, hepatic flexure, transverse colon, splenic flexure, descending colon, sigmoid colon, and rectum. Growth of benign polyps and adenomas is modeled using a log-linear equation. As an adenoma grows in size, its histology and grade worsen. The propensity of an adenoma to become cancerous is assumed to be a function of age, adenoma size, and adenoma location. Once an adenoma becomes a malignant tumor, it will grow exponentially, with a doubling time derived from a meta-analysis of the literature. [25] [26] [27] [28] When a tumor reaches a certain size, the patient will experience CRC symptoms, and after a delay period, will be diagnosed by the healthcare system with symptomatic CRC. The distribution of tumor size at which a patient is diagnosed with symptomatic CRC is derived from early SEER data 22 to minimize the effects of screening. If there is screening, malignant tumors are detectable before the symptoms surface. Readers are referred to the Appendix (available online) for a detailed description of the colorectal cancer submodel.
The colorectal cancer outcomes predicted by the Archimedes Model have been validated against several studies including the National Polyp Study, 29 Minnesota FOBT Screening Trial, 30 Cancer Prevention Study II Nutrition Cohort, 31 Women Health Study, 32 Women Health Initiative, 33 the UK Flexible Sigmoidoscopy Trial 34 and the Veterans Affairs Cooperative Study Group. 35 Details of model validations are available in the Appendix.
Simulation setup
For the simulated trials, we used person-specific data from the 1998-2004 NHANES survey to create a simulated 24 Villavicencio et al. 48 Johns et al. 49 Cottet et al. 50 Giovannucci et al. 51 Effects of gender, family history, BMI and diabetes are represented by hazard ratios derived from author-conducted meta-analysis.
Giovannucci et al. 52 Elwing et al. 53 Adenoma growth Adenoma growth is described by a log-linear growth equation.
Wilson et al. 54 
CORI 21
Adenoma growth rate is assumed to be a function of age, gender and race and log-normally distributed. Size distribution of adenoma at the time of colonoscopy was matched to the CORI database. Adenoma location Adenomas can occur at eight different anatomical sites along the colon-rectum, namely cecum, ascending colon, hepatic flexure, transverse colon, splenic flexure, descending colon, sigmoid colon, and rectum.
The distribution of anatomical sites of adenomas as a function of age and gender are extracted from the CORI database. Adenoma histology and grade of dysplasia Histology and grade of dysplasia are functions of adenoma size and based on author-conducted meta-analysis.
Butterly et al. 55 O'Brien et al. 56 Shinya et al. 57 Cancer risk and malignant transformation The hazard rate of an adenoma developing malignancy is a function of age, gender, and adenoma location.
Scheiden et al. 58 Hermanek and Karrer The form of the hazard rate is derived from author-conducted meta-analysis. The parameters are obtained by fitting the hazard rate to the CORI and SEER databases.
SEER 22
Tumor growth Tumors grow exponentially as a function of time with growth rates derived from author-conducted meta-analysis.
Bolin et al. 26 Umetani et al. 27 Matsui et al. 28 Welin et al. 25 Cancer diagnosis and survival The distribution of tumor size at the time of diagnosis is derived from early SEER data.
Stein et al. 61 Survival of a patient is a function of age and tumor characteristics at the time of diagnosis and is derived from the SEER database. Effect of diabetes on CRC-specific survival is modeled using data from a meta-analysis. 61 2. Colonoscopy test characteristics and complications Colonoscopy: sensitivity, specificity of adenoma detection Adenoma size Rex et al. 62 Loeve et al.
63
○ 0-5 mm: sensitivity -75%, specificity -95% ○ 5-10 mm: sensitivity -85%, specificity -95% ○ >10 mm: sensitivity -95%, specificity -95% Completion rate: 97% Adverse events associated with colonoscopy Perforation and surgical mortality are functions of age and co-morbidity and are derived from author-conducted meta-analysis.
Warren et al. 64 Gatto et al. 13 Levin et al. 66 Ness et al. 66 Other diseases We used utility scores published by Sullivan and Ghushchyan. 67, 68 Sullivan et al. 67, 68 population of 100,000 individuals aged 50 years old, representative of the U.S. population. Of those, 12% had been diagnosed with diabetes at age 50 or younger. By using the information from real people in NHANES to create simulated individuals, we preserved the correlations of the variables pertinent to the progression of diabetes and colorectal cancer. Patients without diabetes at baseline could also develop diabetes as they aged in the simulation. These 100,000 simulated individuals were tracked from the age of 50 to death, and were exposed to six colorectal cancer screening strategies and a control (no-screening) strategy. In the control (no-screening) strategy, simulated individuals were not screened for CRC (i.e. CRCs were diagnosed based on symptoms, and patients were treated according to current practice). In the screening strategies, simulated individuals were screened by colonoscopy at tenyear intervals with different ages beyond which screening was stopped (Table 2) . Colonoscopy was selected for this study since it is considered to be the most effective CRC screening strategy. The follow-up schedule for surveillance colonoscopy is modeled after the guideline developed by the American Cancer Society and the U.S. Multi-Society Task Force on Colorectal Cancer. 36 Patients are assumed to comply perfectly with recommended CRC screening schedules. During simulation, patients were provided with screening, diagnosis, treatment and monitoring for diabetes and its micro-and macro-vascular complications, according to current practice.
Cost effectiveness
We examined each screening strategy from a social perspective, based on recommendations of the Panel on Cost-Effectiveness in Health and Medicine. 37 Specifically, we recorded the simulated logistic events and clinical outcomes for each person in the population, over a lifetime horizon. We assigned costs to each logistic event (e.g., each test, visit, admission, and treatment), and assigned quality-of-life weights to each clinical outcome (e.g. cancer diagnosis, diabetes diagnosis, heart attack, stroke, or amputation). This allows us to calculate the time series of costs and quality-adjusted life years (QALYs) first for each person, then add them together for sub-populations of interest.
Costs of tests, visits, admissions, procedures, and treatments were primarily based on Medicare reimbursement rates ( Table 1 ). All costs were adjusted to 2009 values using the medical care component of the Bureau of Labor Statistics Consumer Price Index. We reported costs associated with screening and treatment for CRC and total medical cost (defined as the sum of colorectal cancer costs and other medical costs captured in the Archimedes Model). Data sources used to calculate parameters for qualityadjusted life years (QALYs) are shown in Table 1 . Both costs and life years are discounted at 3% annually. 37 We defined the incremental cost-effectiveness ratio as cost/ QALY saved for a given strategy relative to the nearest strategy on the efficient frontier (Fig. 1) . We considered a strategy to be "cost-effective" as compared with another strategy if the cost/QALY was below the often-quoted benchmark of $50,000/QALY, 38 although others have argued for higher thresholds. 39 We conducted one-way sensitivity analysis of important model parameters, including adherence to colonoscopy, costs of colonoscopy and polypectomy, costs of CRC treatment and risk of colonoscopy perforation.
Role of the Funding Source
This study was carried out by Archimedes in collaboration with Drs. Smith and Walter. Dr. Walter is supported by a grant 1R01CA134425 from the National Cancer Institute. The authors had access to all the study data, take responsibility for the accuracy of the analysis, and had authority over manuscript preparation and the decision to submit the manuscript for publication. Table 2 summarizes health outcomes of colorectal cancer screening in patients with and without a diagnosis of diabetes at age 50. Screening for CRC substantially reduced incidence of CRC (43%-83%) and added a significant number of life years as compared with no-screening. The health benefits of CRC screening increase with older stop ages. Screening for CRC without an upper stop age (strategy #6) saves 23%-32% more life years than discontinuing screening after a single screening colonoscopy at age 50 (strategy #2). For a population representative of the general US population, the predicted life-years gained and reduction in CRC incidence from colorectal cancer screening are similar to those predicted by the MISCAN and SimCRC models, 6 see Appendix for more details. Costs of CRC screening and surveillance in the general US population are also consistent with previous cost-effectiveness studies. 40 Patients who have been diagnosed with diabetes at age 50 gained fewer life years from CRC screening than those without diabetes at age 50. On average, for the same screening strategy, a person without diabetes at age 50 will gain 0.07-0.13 life years more than a person with diabetes at baseline ( Table 2) .
RESULTS
Since patients without diabetes live on average 8-10 years longer than their diabetic counterparts, they have higher life time risk of developing CRC and incur more costs of colorectal cancer treatment in the no screening strategy. Screening reduces CRC treatment costs but increases total medical costs ( Table 3) . As screening stop age increased from 50 to 80, the difference in total medical cost compared with no screening increased from $655 to $1268 per person in individuals with diabetes at baseline. For patients without diabetes at baseline, colonoscopy screening once-only at age 50 is cost-saving, saving $143 per person as compared with no-screening.
While screening for CRC reduces the cost of cancer treatment (Table 3) , it is expensive, reaching a life-time cost of $2599 in patients without diabetes at baseline. It also increases other medical costs (Table 3) , since individuals screened for CRC live longer than their unscreened counterparts and incur higher medical costs for other diseases. Figure 1 plots QALYs gained and the increase in cost for each of the screening strategies. QALYs gained, cost, and incremental cost-effectiveness ratios (ICERs) depend strongly on whether a person has diabetes at age 50 and the upper age at which screening is stopped. For a population of 1,000 patients diagnosed with diabetes at baseline, extending screening stop age from 70 years old to 80 years old increased quality-adjusted life years (QALYs) by 0.3, with an ICER of $206,671/QALY (Table 4) . The corresponding figures for 1,000 patients without diabetes at age 50 are an increase in 2.3 QALYs and an ICER of $46,957/QALY (Table 4) . Table 5 shows the influence of several parameters in a one-way sensitivity analysis of the ICER of increasing stop age from 70 to 80 for patients diagnosed with diabetes at age 50 or younger. The cost-effectiveness of strategy #5 extending stop age beyond age 70 for this population is most sensitive to cost of colonoscopy, and adherence to colonoscopy screening.
DISCUSSION
By examining CRC screening in patients with and without diabetes, and capturing the impact of screening stop age on the overall health and economic outcomes, the current study emphasizes the importance of considering comorbidity, such as diabetes, when individualizing cancer screening recommendations. We demonstrated that health benefits of CRC screening are substantially different for patients with and without diabetes and screening for CRC in patients diagnosed with diabetes at age 50 or younger is not costeffective beyond age 70. We found that individuals with diabetes at age 50 derive less survival benefit from CRC screening than those without diabetes. In individuals without diabetes at age 50, screening until age 80 saves 0.29 life years per person as compared with no screening, approximately 1.8 times more than that in individuals diagnosed with diabetes at age 50. In addition, the incremental gains as a result of extending screening to older ages are also much smaller in individuals with diabetes as compared with those without. Our study highlights the importance of accounting for medical costs of other diseases in a cost analysis. Colorectal cancer screening reduces the risk of dying from CRC, which consequently increases the probability of developing and dying from other diseases such as CVD, which might be more costly than if a person dies at a younger age of CRC. This leads to an overall increase in the total medical cost for all screening strategies as compared to no-screening. Previous cost-effectiveness analyses 40, 41 do not take other medical costs into account and likely underestimate the economic costs of CRC screening. These increased costs still fall within conventional criteria for cost-effectiveness, but represent a more realistic assessment of actual costs associated with a CRC screening program.
We identified several cost-effective screening strategies for patients with and without diabetes. For individuals without diabetes at age 50, the incremental cost-effectiveness ratios are below the benchmark of $50,000/QALY for CRC screening up to age 80. The incremental cost-effectiveness ratio of stopping at age 80 (strategy #5) as compared with age 70 (strategy #4) was $46,957. For individuals with diabetes at baseline, it is reasonably cost-effective to screen for CRC up to age 70 and not cost effective if screening is extended to age 80. The costs per QALY saved are not very sensitive to changes in the reference assumptions about costs of colonoscopy screening, costs of CRC treatment, and costs of other diseases.
The strength of the current study lies in the ability of the model to account for all demographic variables, biomarkers, risk factors, disease evolution, and healthcare processes pertinent to colorectal cancer and diabetes in an integrated framework. Both the colorectal cancer and the diabetes submodels have been extensively calibrated and validated against large-scale studies and clinical trials.
Our analysis has several limitations. First, our results apply to the U.S. population, as the Archimedes Model is calibrated to the U.S. healthcare system, so it is unknown to what extent it generalizes to other countries. Second, in the base-case analysis, we assumed 100% adherence to colonoscopy screening. In real-world settings, adherence is less than 100%. In our sensitivity analysis, we showed that lessthan-perfect adherence to colonoscopy screening favors stopping screening at later ages. Third, although the Archimedes Model has been rigorously validated against the pertinent clinical trials, there is no way to ensure its accuracy at predicting events that have never been studied empirically with trials.
While individualized screening recommendations based on patient and family history of cancer and adenoma detection, inflammatory bowel disease, and known or suspected predisposition to CRC are included in current guidelines, different screening recommendations based on gender and race and age only have been suggested in the literature, 42 with the exception of the American College of Gastroenterology's recommendation that average risk African Americans begin screening at age 45 43 and the USPSTF's recommendation against routine screening between ages 76-84, and against screening altogether after age 85, using age as a proxy for comorbidity. 44 Lansdorp-Vogelaar et al. 45 showed that the improvements in costs and effects of individualizing CRC screening based on gender and race on a population level were only marginal. This is consistent with current simulation results. With respect to an age to stop screening, the current study emphasizes the need to individualize screening recommendations based on comorbidities and life expectancy. In addition, a recent study reported a CRC screening rate of 41% in patients with severe comorbidity who had life expectancies less than 5 years. 5 More consideration of comorbidity is needed if we want to improve screening rates in patients with substantial life expectancies and reduce potentially harmful screening in older patients with limited life expectancies. 46 The results of the study should not be used as a basis to discontinue screening beyond age 70 years for populations with diabetes. Rather, it argues against a one-size-fits-all recommendation based on age and highlights the pitfalls of judging older patients of similar ages as a homogenous population. We advocate for the development of a more individualized approach to CRC screening decisions that accounts for comorbid disease and other relevant risk factors impacting CRC screening outcomes. Individualized guidelines have been shown to improve care and reduce costs in management of hypertension 47 and are expected to produce similar benefits for cancer screening. The increasing use of information technology in primary care should facilitate the integration of computerized risk-benefit calculators with patients' electronic health records, which will enable primary care physicians to individualize CRC screening recommendations in an efficient way, and enhance shared decision making.
